The photoelectrical characteristics of field-effect phototransistors (FEPTs) are investigated experimentally based on a graphene-PbS quantum dot (QD) hybrid. The device presented a wide spectral response range from 300 to 1400 nm because of multiple-exciton generation of PbS QDs. The photoelectrical responsivity reached up to 2 Â 10 5 A/W at low bias voltage ($10 mV) and became more sensitive with increasing bias voltage. The transient response of the hybrid FEPTs was also measured with the relaxation times and the decay times around several seconds. Such devices exhibit great competitiveness in wide spectral response, flexible integrated circuits with low cost, large area, low energy consumption, and high responsivity.
Introduction
The field effect phototransistors (FEPTs) are one of the most important devices in electronics and optoelectronics [1] , [2] . The FEPTs based on nanomaterials exhibited excellent performance and have attracted considerable attention in recent years [3] - [6] . The graphene-PbS quantum dot (QD) hybrid FEPTs presented high photoconductive gain, high responsivity and gate-tunable photodetection with the combining of the extraordinary high carrier mobility of graphene and the strong infrared absorption of PbS quantum dots (QDs) [1] , [2] . The previous work always focused on high photoconductive gain [1] , which reached up to 108 and was at least seven orders of magnitude larger than that of any graphene FETs or QD FETs reported before [7] - [10] . Additionally, flexible FEPTs were also fabricated on the substrate of polyethylene terephthalate (PE) with high responsivity [2] . It is worth noting that the spectral response is also critical for the devices, however, few investigations have been conducted in the spectral response region.
The resulting device presented a wide spectral response from ultraviolet (UV) to near infrared (NIR). The physical mechanism was attributed to the multiple exciton generation in PbS QDs. The photoelectrical responsivity was also measured at a low bias voltage ðV DS $ 10 mVÞ and became more sensitive with increasing VDS.
Experimental

Preparation of PbS Quantum Dots (QDs)
For more effective carrier transfer, the size of PbS QDs should be carefully modulated to make sure their Fermi level close to the Dirac point of graphene (4.6 eV). PbS is a semiconductor with narrow bandgap of 0.41 eV (at 300 K) and electron affinity of $4.7 eV as a bulk material [11] , [12] . For QDs, with the spacing scale decreasing to several nanometers, the bandgap increases because of the quantum confinement effect [11] . The bandgap can be estimated as 1.03 eV at the absorption peak of 1200 nm, and the average QD diameter can be deduced as 5 nm. According to the statistical results from transmission electron microscope (TEM) [13] image in Fig. 1(a) , in which a scale bar denotes 20 nm, it is clear that PbS QDs, prepared through colloidal chemical method [14] , present a uniform size distribution with the average diameter of 5.1 nm.
Device Fabrication and Measurement
A schematic of the structure of hybrid FEPTs is shown in Fig. 1(b) . A single graphene layer was synthesized on copper foils through chemical vapor deposition (CVD) and then transferred onto an n þ Si/SiO 2 substrate with a thickness of 300 nm [15] . Compared to the FEPTs based on mechanically exfoliated graphene in reference [1] , the devices based on CVD grown graphene were more suitable for fabrication with large area. The aluminum source and drain electrodes were then thermally evaporated with a shadow mask. Three layers of PbS QDs were built between the electrodes through a layer-by-layer (LBL) approach from a toluene solution. Finally, a series of short voltage pulses were applied over the drain to the source and the gate to set up a stable charge channel.
Electrical measurements were performed based on the schematic diagram. A bias voltage ðV DS Þ was applied between the source (with ground) and drain electrodes by Keithley 2400, which also measured the channel current ðI D Þ. A gate voltage ðV G Þ was simultaneously applied by HP6030A with reference to ground. The photoelectrical measurements were also performed based on this system under 808 nm laser illumination or wide spectrum incidence from a Zolix Omni-300 Spectrograph, from Zolix Instruments Co. Ltd., Beijing, China.
Results and Discussion
Photoelectrical Responsivity of the Hybrid FEPTs
The transfer curves of the hybrid FEPTs in the dark and under 7.5 mW/cm 2 808 nm laser illumination are plotted in Fig. 2 groups of transfer curves presented similar profiles with a horizontal shift of ÁV G at each value of V DS . Under laser illumination, photoinduced carriers were generated by light absorption of the QDs and were separated as electron-hole pairs under the gate voltage. Compared to the case without laser excitation, the photo generated carriers can be regarded as an additional induced gate voltage, which is termed the "photoinduced gating effect" [16] . The ÁV G value can be expressed as a function of laser power (P) [2] 
where and were constants and % 0:0043 according to the exponential fitting, which denotes the degree of carrier transfer from the PbS QDs to graphene. is determined by the characteristics of the graphene-QD interface, which depend on the surface morphology of the heterojunction, the choice of surface ligand of the QDs and the practical preparation process. The surface ligand ethanedithiol (EDT) was chosen for our experiment, different from pyridine in reference [2] ; thus, the values of were different. P was directly determined from the experiment and ÁV G ¼ V The increment of channel current ðÁI D Þ, resulting from photo generated carriers, can be expressed as a function of the photoinduced gate voltage ðÁV G Þ [17] , [18] :
where W and L are the width and length of the channel, respectively; C ox is the capacitance of the gate dielectric per unit area; and denotes the carrier mobility. The responsivity (R) is defined as [17] , [18] 
where I ill and I dark are the channel currents under laser illumination and in the dark, respectively. By substituting (2) into (3), the responsivity can be expressed as
Spectral Response of the Hybrid FEPTs
The response spectrum of the hybrid FEPTs was measured (left) and compared to the optical absorbance of a PbS toluene solution (right), as shown in Fig. 3 (V DS ¼ 10 mV, V G ¼ À1 V), based on a Zolix Omni-300 Spectrograph equipped with a tungsten lamp and a monochromator. The tungsten lamp (24 V, 150 mW) provided a wide incident spectrum from 400 nm to 2400 nm. Using the monochromator, the incident light was narrowed to 2 nm as it passed through the hybrid device. As the monochromator scanned the entire spectrum of the tungsten lamp, the response spectrum was obtained. For incident photons with higher energy ð G 1400 nmÞ, the FEPTs exhibited an effective response within the spectral range from 300 nm to 1400 nm. In contrast, the absorption peaks of the PbS solution were located mainly at 1170 nm and 1380 nm (side peak). The physical mechanism for the wider spectral response range of FEPTs is attributed to the fact that PbS QDs are multiple exciton generators. For the high-energy incident photons ð G 1400 nmÞ, the photon energy is larger than the band gap of PbS QDs; thus, the incident photon can effectively excite the electron-hole pairs. For the incident photons with higher energy (e.g. $ 300 nm), one absorbed photon can generate multiple electron-hole pairs in the PbS QDs [19] , [20] ; thus, the spectral response extends into the shorter wavelength range. As for long wavelengths greater than 1400 nm, the photon energy is smaller than the band gap of PbS QDs; thus, the incident photon can not effectively excite the electron-hole pairs, leading to the photoresponse bandwidth edge at 1400 nm.
Responsivity and Transient Response of the Hybrid FEPTs
The responsivity versus laser irradiation is plotted in Fig. 4(a) with V DS ¼ 10 mV and V G ¼ À1 V. The functional relationship can be obtained by substituting (1) into (4) to give A good linear fit result was achieved between lgR and ð À 1ÞlgP in a double-logarithmic axis plot according to (5) . The responsivity reached 2 Â 10 5 A/W in orders of nW and was more sensitive in the lower optical power region. This result indicates that the hybrid FEPTs could effectively operate at low voltage and present the advantage of low energy consumption. It is also reasonable to believe that the responsivity will increase with increasing bias voltage, V DS , because V DS is regarded as the amplified factor of the hybrid FEPTs.
The temporal dependence of the channel current variableðÁI D Þ, was also plotted in Fig. 4(b) with V DS ¼ 10 mV and V G ¼ À1 V. Remarkably, the channel current variable reached 22 A under 7.5 mW/cm 2 808 nm laser irradiation. The transient response of the device can be fitted to the exponential expressions as
Off (6) where 1 and 2 are the relaxation times for laser on, and 3 and 4 are the decay times for laser off. Under laser illumination, good fit were consistently obtained according to (6) , with 1 ¼ 0:7 s and 2 ¼ 4:5 s. 1 denotes the transfer time of holes from PbS QDs to the graphene layer, whereas 2 represents the electron transport in the PbS QD layers. However, when the laser was switched off, the concentration of carriers decreased and the channel current immediately dropped. The curve could also be fitted with 3 ¼ 1:8 s and 4 ¼ 7:9 s, which are twice than 1 and 2 , indicating less efficient light off than light on response. 4 can be attributed to the charge transport between PbS QDs, whereas 3 represents the lifetime of electrons in the PbS QDs before they transferred to the neighboring graphene film. Fig. 4(c) shows the channel current response under an on-off laser train, which was repeatable even after the device was switched more than one hundred times. The relaxation times and decay times were different from those in [2] , which mainly depended on the surface ligand.
Conclusion
In conclusion, wide spectral response (from 300 nm to 1400 nm) FEPTs based on a graphenePbS QD hybrid have been fabricated and demonstrated through facile solution processing. The photoelectrical responsivity reached 2 Â 10 5 A/W and was more sensitive with increasing bias voltage. Si was chosen as the substrate because it is a common material for integration. If the substrate was replaced by polyethylene terephthalate (PE) [2] , it is reasonable to believe that the FEPTs will exhibit very flexible characteristics. Therefore, such devices could be regarded as a potential candidate for flexible integrated circuits with low cost, large area, low energy consumption, and high responsivity.
